[1] Low-altitude plasma layers are present in 71 of 5600 electron density profiles from the Martian ionosphere obtained by the Mars Global Surveyor Radio Science experiment. These layers are produced by the ablation of meteoroids and subsequent ionization of meteoric atoms. The mean altitude of the meteoric layer is 91.7 ± 4.8 km. The mean peak electron density in the meteoric layer is (1.33 ± 0.25) Â 10 10 m
Introduction
[2] All planets and satellites in the solar system sweep through interplanetary dust as they move along their orbital paths. When dust particles, known as meteoroids, enter an atmosphere at orbital speeds, they decelerate and experience ablation. Optical and radio emissions are produced, and other physical and chemical processes also occur.
[3] In particular, the interaction of high-speed meteoroids and atmospheric gases leads to the deposition in the planetary atmosphere of species that would otherwise be absent, such as neutral Mg or Fe. Related ions, such as Mg + or Fe + , are also produced. These ions may be produced directly during meteoroid ablation by the impact ionization of ablated neutral metal atoms in collisions with atmospheric molecules, indirectly by photoionization of neutral metal atoms, or indirectly by charge exchange between neutral metal atoms and atmospheric ions. Meteoroid influx therefore modifies vertical profiles of plasma density in a planetary ionosphere. Layers of meteoric plasma are formed whose peaks lie below the peaks of plasma layers produced by photoionization of major constituents of the neutral atmosphere. Such layers, called meteoric layers, have been observed in the ionospheres of Earth [Grebowsky and Aikin, 2002] , Venus [Pätzold et al., 2008] and Mars [Pätzold et al., 2005] .
[4] We conduct the first comprehensive search for lowaltitude plasma layers in electron density profiles acquired by the Mars Global Surveyor (MGS) Radio Science (RS) experiment [Tyler et al., 1992 [Tyler et al., , 2001 Hinson et al., 1999] , and we use the results to extend the characterization of recently discovered meteoric layers on Mars. The MGS RS data set is well suited to investigations of low-altitude layers in the Martian ionosphere because it contains many electron density profiles (5600), spans multiple years and Martian seasons (1998 -2005) , and is available in digital format from a public archive. The specific objectives of this paper are to determine the frequency with which meteoric layers occur in the Martian ionosphere, quantify their physical characteristics, and investigate what processes influence their occurrence rate and physical characteristics.
[5] We first describe the effects of meteoroids on planetary ionospheres and introduce the MGS RS data set. We discuss the challenges of detecting plasma layers at low altitudes in the MGS electron density profiles, and determine whether the detected layers are meteoric layers. We find the altitude, width and electron density of each meteoric layer, and compare these characteristics to those predicted by theoretical models. We quantify the dependence of meteoric layer occurrence rate on season, latitude and solar zenith angle (SZA), and discuss possible explanations for the observed dependences. We investigate relationships between the physical characteristics of meteoric layers, including layer width, electron density and altitude, and neutral atmospheric and observational properties, including scale height, SZA and latitude. Finally, we explore possible causes of variability in the observed characteristics of meteoric layers, and estimate the lifetime of meteoric plasma.
[6] The study of the response of the Martian neutral atmosphere and ionosphere to meteoroid influx is relevant to several topics in planetary science. These include the activity of comets, the dynamics of dust in space, delivery of cometary organic materials to planets, collision hazards for spacecraft, and ionospheric production, loss and transport processes. Meteoric layers may also affect remote sensing, navigation and communication techniques that use radio wavelengths [Witasse et al., 2001; Nielsen et al., 2007] .
Effects of Meteoroids on Planetary Ionospheres

Earth
[7] In situ measurements by ion mass spectrometers on approximately 50 suborbital rocket flights have shown that metallic ions Mg + , Fe + , Si + , Ca + and Na + are present in layers between 80 and 130 km altitude in the terrestrial atmosphere [Grebowsky and Aikin, 2002] . Metallic ions are mainly produced by charge exchange reactions between neutral metal atoms and abundant O 2 + and NO + ions, and by photoionization of neutral metal atoms.
Mars
[8] Here we describe the Martian ionosphere and discuss the predicted effects upon it of meteoroid influx.
[9] The most abundant neutral in the bulk Martian atmosphere is CO 2 . The abundance of O is a few percent at the main ionospheric peak, and O becomes the most abundant neutral at higher altitudes. The dayside ionosphere has a main layer (M2) at optical depth of unity for extreme ultraviolet (EUV) photons ($130 km for SZA $70°). There is also a smaller, more variable layer (M1) at lower altitudes, where the optical depth for more penetrating $5 nm X-ray photons is unity ($110 km for SZA $70°). The labels ''M1'' and ''M2'' were introduced by Rishbeth and Mendillo [2004] . N pk and z pk are often used to describe electron density profiles. N pk is the maximum value of N, the electron density, and z pk is the altitude, z, at which N = N pk . N pk and z pk in all existing dayside observations correspond to the M2 layer, not the M1 layer. The chemistry in these photochemically controlled layers can be summarized as: CO 2 + hv ! CO 2 + + e, CO 2 + + O ! fast O 2 + + CO and O 2 + + e ! slow O + O, which makes O 2 + the dominant ion [Hanson et al., 1977; Chen et al., 1978; Fox et al., 1996; Mendillo et al., 2003; Fox, 2004b] . Above $200 km, O becomes the most abundant neutral, O + becomes an important ion, and transport processes strongly influence plasma density [Hanson et al., 1977; Chen et al., 1978] .
[10] Two models have predicted that meteoroid influx at Mars creates a plasma layer at $80-90 km [Pesnell and Grebowsky, 2000; Molina-Cuberos et al., 2003 ]. These models suggest that this layer is always present across the dayside. Mg + and Fe + ''are produced by direct meteoric ionization, photoionization, and charge exchange with atmospheric ions, mainly O 2
The two models differ on whether photoionization of Mg and Fe [Pesnell and Grebowsky, 2000] [Fox, 2004a; Pätzold et al., 2005; Withers et al., 2006] . Also, infrared remote sensing observations have detected spectral features associated with Mg + Á CO 2 [Aikin and Maguire, 2005; Maguire and Aikin, 2006] .
Venus
[11] The neutral upper atmospheres and ionospheres of Venus and Mars share many similarities because of the predominance of CO 2 and the presence of a few percent of O at ionospheric altitudes. Pesnell and Grebowsky [2000] suggested that some nightside Pioneer Venus Orbiter (PVO) electron density profiles contain meteoric layers, and Butler and Chamberlain [1976] had earlier suggested that meteoroid influx could produce the surprisingly dense nightside ionosphere. However, recent work has not favored these nightside hypotheses [Fox and Kliore, 1997] .
[12] More recently, Witasse and Nagy [2006] suggested that two PVO electron density profiles near the terminator (SZA of 85.6°and 91.6°) contain meteoric layers. Withers and Christou (submitted manuscript, 2008) found that dayside electron density profiles from radio occultation instruments on Mariner 10, Venera 9, Venera 10, PVO and Magellan contain meteoric layers. The Mariner 10 egress profile given by Fjeldbo et al. [1975, Figure 3 ] is a good example. Definitive detections of meteoric layers have been made by the VeRa radio science instrument on Venus Express [Pätzold et al., , 2008 .
Other Planets
[13] Narrow layers below the peaks of the main layers of Jovian planet ionospheres have been attributed to meteoroid influx, although explanations involving electrodynamic effects, dynamical forcing by gravity waves, and charged particle precipitation have also been proposed [e.g., Waite and Cravens, 1987; Lyons, 1995; Hinson et al., 1997 Hinson et al., , 1998 Moses and Bass, 2000; Kim et al., 2001] . Models have also predicted the presence of a meteoric layer in Titan's ionosphere [Molina-Cuberos et al., 2001] .
Available Data
[14] The only measurements of the Martian ionosphere at predicted meteoric layer altitudes are vertical electron density profiles from radio occultation experiments. Approximately 6500 of these profiles have been measured. 433 of these come from missions that preceded MGS, predominantly from Mariner 9, Viking Orbiter 1 and Viking Orbiter 2 [Mendillo et al., 2003] . 5600 come from MGS [Hinson, 2007; Tyler et al., 2007] . Several hundred have been determined by the Mars radio science instrument on Mars Express (MEX), which is still in operation [Pätzold et al., 2004 [Pätzold et al., , 2005 [Nielsen, 2004; Gurnett et al., 2005; Nielsen et al., 2006; Gurnett et al., 2008; Morgan et al., 2008; Duru et al., 2008] .
[15] This paper uses MGS RS electron density profiles only. A typical MGS RS electron density profile is shown in Figure 1 , where LST is local solar time and SZA is solar zenith angle. Martian seasons are described by L s , the areocentric longitude of the Sun, which is defined as the angle between the Mars-Sun line and the Mars-Sun line at the northern hemisphere vernal equinox. L s = 0°is the start of northern spring, L s = 90°is the start of northern summer, L s = 180°is the start of northern autumn, and L s = 270°is the start of northern winter. We adopt the convention that Mars year (MY) 1 began on 11 April 1955 (L s = 0°) [Clancy et al., 2000] . The coverage of the MGS data set is shown in Table 1 . All longitudes were sampled regularly. The interval between successive profiles was typically 2 h, MGS's orbital period, but was often greater. Latitude, LST, SZA and L s did not change significantly from orbit to orbit. Longitude, meaning longitude relative to the surface of Mars, changed by $30°from orbit to orbit.
[16] The typical vertical range of an MGS electron density profile is 90 km to 210 km. Observed values of N pk vary as the square root of the cosine of SZA in accordance with predictions from Chapman theory [e.g., Hantsch and Bauer, 1990; Withers and Mendillo, 2005] . Npk is typically on the order of 10 11 m À3 at 70°and 5 Â 10 10 m
À3
at 85°. Uncertainty in electron density does not vary significantly with altitude for a given profile, but it does vary from profile to profile. The stated uncertainty in electron density has a mean value of 4.6 Â 10 9 m À3 and a standard deviation of 2.0 Â 10 9 m À3 [Hinson, 2007; Tyler et al., 2007] .
Detection of Low-Altitude Plasma Layers on Mars
[17] Differences between in situ mass spectrometers and radio occultations must be considered when comparing terrestrial and Martian meteoric layer observations. Meteoric layers are clearly evident in data acquired by in situ mass spectrometers during suborbital rocket flights through the terrestrial ionosphere [Grebowsky and Aikin, 2002] . They are much less distinct in radio occultation measurements of Martian electron density profiles [Pätzold et al., 2005; Withers and Christou, submitted manuscript, 2008] . Visual inspection shows that the M2 layer is always present, and the M1 layer is usually discernible, in Martian dayside electron profiles, although the M1 layer may be a subdued ledge or shoulder, rather than a local maximum [Bougher et al., 2001] . Visual inspection sometimes identifies an additional layer at lower altitudes, which we label as the M M layer. Although the origin of these low-altitude plasma layers is not determined until section 6, we adopt the subscript ''M,'' which stands for ''meteoric,'' for labeling purposes. The M M layer is distinct from the M1 and M2 layers. For example, the profile in Figure 2 has three clear layers at 140 km (M2), 110 km (M1) and 90 km (M M ).
[18] An automatic algorithm was developed to identify occurrences of the M M layer in the MGS RS electron density profiles (Appendix A). Its results are verifiable and reproducible, unlike the results that would be obtained by manual classification based on visual observation. Nonetheless, this algorithm is not the only possible way to identify low-altitude plasma layers. According to this algorithm, 71 of the 5600 MGS profiles contain low-altitude layers. Some examples are shown in Figures 2 -4 .
Physical Characteristics of Low-Altitude Layers
[19] The altitude (z M ), electron density (N M ), and width (L M ), defined as the full width at half maximum, of low- [20] Low-altitude electron densities can be enhanced by several mechanisms, including meteoroid influx, solar flares and solar energetic particles Morgan et al., 2006; Espley et al., 2007] .
[21] Two publications have made detailed predictions about meteoric layers in the Martian ionosphere. Pesnell [23] Solar flares cause enhanced electron densities at 120 km and below, and increase the electron density in the M1 layer. We now demonstrate that solar flares did not cause the low-altitude M M layers found by application of the algorithm in Appendix A. We have previously identified $10 MGS profiles that appear to be affected by solar flares ; application of the algorithm in Appendix A did not identify a low-altitude plasma layer in any of those profiles. A typical electron density profile satisfies dN/dz > 0 at altitudes below 100 km, where N is electron density and z is altitude. Models do not suggest that solar flares cause dN/dz < 0 at altitudes below 100 km [Bougher et al., 2001; Fox, 2004b] . All 71 low-altitude layers identified by application of the algorithm in Appendix A have dN/dz < 0 at some altitude below 100 km. This corresponds to the topside of the layer. Additional confirmation that the low-altitude plasma layers identified by this algorithm are not produced by solar flares comes from solar observations. The largest solar flare observed at Earth on a day when low-altitude M M layers were observed on Mars by MGS was an M7 class flare, which is a moderate flare. Solar flares are classified as ''moderate'' (M) or ''extreme'' (X) if their maximum flux at 1 AU, integrated from 0.1 to 0.8 nm, is 10
, respectively. Note that an M1 class flare and an M1 ionospheric layer are different. Of the 71 low-altitude M M layers found on Mars, only 16 were observed on a day when a solar flare stronger than an M1 class flare was observed at Earth. The Sun's flare activity was low on most of the days on which lowaltitude M M layers were observed. Only 2 of these M class flares occurred during a 1 h interval before the observation of a low-altitude M M layer. M class flares that occur after, or more than 1 h before, an ionospheric observation will have no detectable effect on the observed profile . On the basis of electron density gradients and solar observations, we conclude that the low-altitude plasma layers identified by this algorithm are not produced by solar flares.
[24] Typical solar wind protons traveling at 400 km s
À1
do not penetrate below 100 km [Kallio and Janhunen, 2001; Haider et al., 2002] . Energies of precipitating particles increase significantly during solar energetic particle events associated with coronal mass ejections. However, energy deposition rates are maximized near 100 km, significantly above the peak of meteoric layers [Leblanc et al., 2002] . No published predictions suggest that solar energetic particles produce a narrow layer of plasma at 80-90 km altitude. Also, solar energetic particle events and coronal mass ejections are usually associated with solar activity, and all 71 low-altitude M M layers were observed when no extreme solar flares were observed. We conclude that the lowaltitude M M layers identified by this algorithm are not produced by solar energetic particle events. [Grebowsky and Aikin, 2002] . A single population of charged particles must have a highly unusual energy distribution to produce multiple low-altitude plasma layers.
[26] No compositional information is available to determine whether ions in low-altitude M M layers are metallic or not, although infrared remote sensing observations of the Martian atmosphere have detected spectral features associated with Mg + Á CO 2 [Aikin and Maguire, 2005; Maguire and Aikin, 2006] .
[27] Because of the consistency between observations and meteoroid-based predictions, and weaknesses identified in other possible ionization mechanisms, we conclude that the low-altitude M M layers found in this work are produced by meteoroid influx. This conclusion justifies the use of the subscript ''M'' for ''meteoric,'' which was introduced in section 4.
[28] All meteoric layers identified by application of the algorithm in Appendix A must have N M > 10 10 m
À3
. It is probable that meteoric layers with N M < 10 10 m À3 occur on Mars, but such layers are not readily detected by MGS and are therefore not discussed in this paper. In particular, we cannot exclude the possibility that a layer of metallic ions at 90 km altitude and plasma densities of, for example, 10 8 m À3 is always present on Mars.
Leading/Trailing Hemisphere Effects on the Occurrence Rate of Meteoric Layers
[29] Let Y be the angle between the velocity vector of Mars and the vector from the center of Mars to the occultation point. The ''nose'' of Mars, the location on the planet that is most directly exposed to interplanetary dust, has Y = 0°. Occultations on the leading (trailing) hemisphere of Mars have Y < 90°(Y > 90°). The point on the equator where the sun is rising at dawn (setting at dusk) has Y = 0°(Y = 180°). The north pole, south pole, noon on the equator and midnight on the equator have Y = 90°at the equinoxes and Y close to 90°at all seasons. The 5380 northern hemisphere profiles have 43°< Y < 89°and the 220 southern hemisphere profiles have 108°< Y < 111°. Less than 1.3% of profiles at 40°< Y < 50°contain meteoric layers. This proportion is 0.6% at 50°< Y < 60°, 0.7% at 60°< Y < 70°, 2.3% at 70°< Y < 80°, and 1.8% at 80°< Y < 90°. This proportion is 1.8% at 108°< Y < 111°. Data coverage is insufficient to study leading/ trailing hemispheric differences.
Other Observed Variations in the Occurrence Rate of Meteoric Layers
[30] The occurrence rate of meteoric layers is not constant. Determination of the factors that control the occurrence rate of meteoric layers is important for discovering what physical processes affect whether a meteoric layer is observed or not. In this section, we investigate the dependence of occurrence rate on L s , SZA and latitude. We physically interpret the observed dependences in section 9.
[31] Observed occurrence rate varies with L s , SZA and latitude. Only 1.4% of profiles at 80°< L s < 110°contain meteoric layers. This proportion is 0.2% at 110°< L s < 140°, 0.7% at 140°< L s < 170°, 3.1% at 170°< L s < 200°, and 2.8% at 200°< L s < 230°. Only 0.6% of profiles at 70°< SZA < 75°contain meteoric layers. This rises to 1.8% at 75°< SZA < 80°, and to 2.2% at 80°< SZA < 85°, but falls to <0.3% at 85°< SZA < 90°. Only 0.9% of profiles between 60°N and 65°N contain meteoric layers. This proportion is 2.8% between 65°N and 70°N, 1.1% between 70°N and 75°N, 0.7% between 75°N and 80°N, 0.2% between 80°N and 85°N, and <0 .7% between 55°N and 90°N. Southern hemisphere profiles only occur between 64°S and 70°S at 134°< L s < 146°in MY 24. Four of 220 (1.8%) southern hemisphere profiles and 67 of 5380 (1.2%) northern hemisphere profiles contain meteoric layers. These hemispheric occurrence rates are indistinguishable because of the small number of meteoric layers in the southern hemisphere. There are not enough observations from the southern hemisphere for meaningful further study of hemispheric effects. There is no dependence of occurrence rate on longitude.
[32] The initial impression is that the occurrence rate of meteoric layers depends on L s , SZA and latitude, and that the dependence on SZA has a simple functional form, whereas the dependences on L s and latitude do not. Variations in L s , SZA and latitude in the MGS RS data set are related because of orbital geometry, so it is possible that the apparent variations in, for example, latitude are actually due to variations in some other parameter. We would like to study occurrence rate as a function of L s , SZA and latitude by holding two parameters constant and varying the third, but that is not permitted by currently available data sets. The next best approach is to hold one parameter constant, vary a second, and neglect the third. However, even this approach is restricted by limited data coverage.
[33] Figure 8 shows the distribution of meteoric layers in L s and SZA. We first hold SZA constant. There are many instances when the occurrence rate of meteoric layers at fixed SZA changes as L s changes. One of 734 profiles (0.1%) from 72°< SZA < 77°and 100°< L s < 130°contain meteoric layers, versus 17 of 814 profiles (2.1%) from the same SZA range and 165°< L s < 195°. None of 73 profiles (<1.4%) from 80°< SZA < 85°and 155°< L s < 175°c ontain meteoric layers, versus 14 of 312 profiles (4.5%) from the same SZA range and 200°< L s < 220°. We next hold L s constant. There are some instances when the occurrence rate of meteoric layers at fixed season increases as SZA increases. Three out of 1156 (0.3%) profiles from 80°< L s < 150°and 70°< SZA < 75°contain meteoric layers, versus 7 out of 1096 (0.6%) from the same L s range and 75°< SZA < 80°, and 12 out of 724 (1.7%) from the same L s range and 80°< SZA < 85°. There are few instances when the occurrence rate of meteoric layers at fixed season decreases as SZA increases.
[34] Figure 9 shows the distribution of meteoric layers in L s and latitude. The four profiles with meteoric layers from the southern hemisphere are not shown in Figure 9 . We first hold latitude constant. None of 520 profiles (<0.2%) from 70°N-77°N and 90°< L s < 140°contain meteoric layers, [35] Figure 10 shows the distribution of meteoric layers in latitude and SZA. The four profiles with meteoric layers from the southern hemisphere are not shown in Figure 10 . We first hold SZA constant. Twenty-one of 601 profiles (3.5%) from 75°< SZA < 80°and 65°N-70°N contain meteoric layers, versus 9 of 834 (1.1%) from the same SZA range and 70°N-75°N, and 1 of 282 (0.4%) from the same SZA range and 75°N-80°N. Four of 240 profiles (1.7%) from 70°< SZA < 75°and 70°N-75°N contain meteoric layers, versus 7 of 915 (0.8%) from the same SZA range and 75°N-80°N, and 2 of 934 (0.2%) from the same SZA range and 80°N-85°N. There are no comparable instances of the occurrence rate varying significantly if SZA is changed as latitude is held constant.
[36] In summary, the occurrence rate can vary by a factor of ten if latitude is held constant, but L s is varied, and by a factor of twenty if SZA is held constant, but L s is varied. The occurrence rate can vary by a factor of ten if L s is held constant, but latitude is varied, and by a factor of almost ten if SZA is held constant, but latitude is varied. The occurrence rate can vary by a factor of three if L s is held constant, but SZA is varied, although the occurrence rate varies little if latitude is held constant, but SZA is varied.
Interpretation of Variations in Occurrence Rate
[37] Limited data coverage and correlations between L s , SZA and latitude mean that multiple interpretations of observed variations in occurrence rate can be supported by the results of section 8. Seasonal variations in either meteoroid influx or atmospheric processes that affect meteoric layer formation may cause L s to affect occurrence rate. Variations in production of ions by photoionization of meteoric atoms or common atmospheric neutrals may cause SZA to affect occurrence rate. Variations in neutral atmospheric properties may cause latitude to affect occurrence rate. Here we outline specific mechanisms by which L s , SZA and latitude might affect the occurrence rate.
[38] One possible explanation for the increase in occurrence rate with increasing SZA is based upon the obscuration of meteoric layers by the background ionosphere. The vertical structure of the background ionosphere is very sensitive to SZA. The typical altitude of the lowest data point in an MGS electron density profile increases from 90 km at SZA = 72°to 105 km at SZA = 87°. The value of z pk similarly increases from 135 km to 150 km. The vertical structure of the neutral atmosphere is much less sensitive to SZA, and so the deposition of meteoric atoms is also relatively insensitive to SZA. If z M does not vary strongly with SZA (section 11), then meteoric layers will become easier to detect as SZA increases and the obscuring background ionosphere shifts upward. The apparent trend in occurrence rate with SZA changes at SZA = 85°, yet the Martian ionosphere is sunlit at SZA < 103°. We have not developed any hypotheses to explain this change near the terminator.
[39] One possible explanation for dependence of occurrence rate on L s is variation in meteoroid influx. Meteoroid entry speed, size distribution and number density can vary as Mars orbits the Sun. Meteor showers are a well-known example of this variation, although the properties of the sporadic meteoroid flux at Earth also exhibit seasonal variations [e.g., Campbell-Brown and Jones, 2006]. However, evidence that the properties of terrestrial meteoric layers vary during meteor showers is weak, despite predictions of significant variations [Grebowsky et al., 1998; McNeil et al., 2001; Grebowsky and Aikin, 2002] . Withers et al. (submitted manuscript, 2008) investigate the hypothesis that Martian meteoric layers are affected by meteor showers Withers et al., 2007] . The distribution of meteoric layers throughout the Mars year is shown in Figure 11 following calculations outlined in Appendix C. It illustrates that meteoric layers are not (Table 1) . distributed randomly nor uniformly throughout the Mars year.
[40] A second possible explanation for dependence of occurrence rate on L s , which is also a possible explanation for dependence of occurrence rate on latitude, is atmospheric processes that affect meteoric layer formation. For example, waves in the terrestrial atmosphere play an important role in the formation of meteoric layers. Atmospheric processes vary with both L s and latitude, although it should be noted that these ionospheric observations are completely dominated by observations poleward of 60°N, so the only relevant atmospheric processes are those affecting the north polar region. However, the mechanisms by which atmospheric dynamics are thought to affect the properties of terrestrial meteoric layers depend on the presence of a strong and global magnetic field [Carter and Forbes, 1999; McNeil et al., 2002] . The Martian magnetic environment is very different from Earth's. In particular, crustal magnetic fields are exceptionally weak poleward of 60°N [Connerney et al., 2001] . Withers et al. (submitted manuscript, 2008) evaluate the strengths and weaknesses of analogies between meteoric layers on Earth and Mars.
[41] If the effects of latitude on occurrence rate are negligible because of differences between the Martian and terrestrial magnetic fields, then a possible interpretation of the results of section 8 is that L s has a strong effect on occurrence rate, SZA has a weaker effect on occurrence rate, and the apparent effects of latitude are merely aliased effects of L s and SZA.
Dust Storms and the Occurrence Rate of Meteoric Layers
[42] Forty-nine of the 71 meteoric layer observations occur at 155°< L s < 215°, a season when the atmosphere changes from the cool and dust-free aphelion season to the warm and dusty perihelion season [Smith, 2008] . In this section, we investigate whether meteoric layer occurrence rate is influenced by atmospheric dust opacity. Figure 12 plots the occurrence rate of meteoric layers, which is defined quantitatively in Appendix C, against globally averaged dust opacity. Dust opacities were measured by the MGS Thermal Emission Spectrometer (TES) [Smith, 2008 , and references therein] and provided to us by M. Smith (personal communication, 2007) . Dust opacity varies by a factor of three within the subset of intervals in which no meteoric layers were observed (R = 0). Nonzero occurrence rates are clustered around two different opacities, 0.1 and 0.2, and the many intervals for which dust opacity is %0.15 contain no meteoric layers (R = 0). The correlation coefficient for occurrence rate and dust opacity is 0.4, and the first impression is that occurrence rate and dust opacity may be related. Does this correlation indicate a causal relationship or a mere coincidence? Figure 13 shows occurrence rate and globally averaged dust opacity versus L s . Consider data from MY 26 (90°< L s < 210°in Figure 11 or 810°< L s < 930°in Figure 13 ). Dust opacity increases monotonically during this interval, but occurrence rate is nonzero, then zero, then nonzero again. The hypothesis that meteoric layer occurrence rate is determined by atmospheric dust opacity cannot explain this seasonal minimum in occurrence rate in MY 26. The most likely explanation is that the apparent seasonal cycle in occurrence rate, which is inferred from MGS data that span only half of a Mars year, is coincidentally similar to the seasonal cycle in dust opacity. MEX observations of meteoric layers do not show correlations between occurrence rate and dust opacity (Withers et al., submitted manuscript, 2008) . Although atmospheric dustiness does affect the ionosphere, these effects are limited to a vertical translation of the ionosphere that tracks changes in pressure levels [Hantsch and Bauer, 1990; Wang and Nielsen, 2003] . There is no obvious reason why this should affect the occurrence rate of observable meteoric layers.
Observed Correlations Involving Physical Characteristics
[43] The characteristics of meteoric layers are controlled by basic physical processes. Studies of relationships between these observable characteristics and other atmospheric or observational properties, such as SZA or scale height, are important for elucidating the operation of these physical processes under Martian conditions. Here we investigate whether z M , N M and L M are correlated with any other parameters.
[44] The few previous publications that have reported theoretical simulations of Martian meteoric layers did not make quantitative predictions for whether these three physical characteristics should be correlated with other parameters [Pesnell and Grebowsky, 2000; Molina-Cuberos et al., 2003] . Accordingly, we have no a priori expectations for the values of these correlation coefficients.
[45] Experience with the other layers of the Martian ionosphere, M1 and M2, suggests that strong correlations should be expected. For example, the correlation coefficient for values of N pk and Ch from the 71 profiles that contain meteoric layers is À0.75, where Ch, a geometrical correction factor important in Chapman theory, reduces to 1/ cos(SZA) for small SZA [Withers and Mendillo, 2005] . The corresponding coefficient for z pk and subsolar latitude is À0.62. Therefore it is plausible that strong correlations might be found that involve the physical characteristics of meteoric layers. Parameters that might affect meteoric layers include parameters known to affect the neutral atmosphere, such as L s , subsolar latitude and LST; parameters known to affect the ionosphere, such as F 10.7 , SZA, H fit and Ch; characteristics of the background ionosphere, such as total electron content, slab thickness, z pk and N pk ; and characteristics of meteoroid influx, such as number density, typical size and speed. H fit , an atmospheric scale height, can be found from an observed electron density profile by fitting a Chapman function to the M2 layer [e.g., Withers and Mendillo, 2005] . There are no observations of meteoroid influx characteristics at Mars during the MGS mission, so we cannot test whether physical characteristics of meteoric layers are related to meteoroid influx characteristics. Experience at 1 AU suggests that meteoroid influx characteristics are not constant. This section is therefore restricted to testing whether physical characteristics of meteoric layers are related to parameters known to affect the neutral atmosphere, parameters known to affect the ionosphere, and characteristics of the background ionosphere.
[46] Correlation coefficients, r, for many pairs of these variables are shown in Table 2 . Absolute values of correlation coefficients of N M , z M and L M with Y are <0.06 (section 7). Note that the correlation coefficients in Table 2 are independent of uncertainties. The conclusions of this section are not significantly altered by consideration of uncertainties.
[47] No correlation coefficient exceeds 0.4 in absolute value, which illustrates how different the processes that control the meteoric layer are from those that control the M1 and M2 layers [Withers and Mendillo, 2005] [48] There are several other correlation coefficients in Table 2 whose absolute values exceed 0.15. The correlation coefficient between N M and latitude (northern hemisphere data only) is 0.17, although there is no self-evident reason for a positive correlation between these two variables. The correlation coefficient between z M and F 10.7 at Mars is 0.19, yet the correlation coefficient between N M and F 10.7 at Mars is only 0.06. In the M2 layer, N M is positively correlated with F 10.7 , but z M is uncorrelated with F 10.7 . The correlation coefficient between N M and SZA is À0.17, but the correlation coefficient between z M and SZA is only À0.01. In the M2 layer, N M is negatively correlated with SZA, but z M is positively correlated with SZA. The correlation coefficient between N M and TEC is 0.22. Since the detection of a lowaltitude meteoric layer always implies the presence of more plasma than usual, this weak positive correlation is not surprising. The correlation coefficient between N M and N pk is 0.21. We have not investigated correlations that involve properties of the M1 layer, such as its altitude and electron density, because these properties are challenging to determine unambiguously from MGS observations.
Summary of Physical Characteristics and Their Correlations
[49] The range in L M is very large, 1-27 km. The 10th and 90th percentiles of L M are 4.2 km and 16.5 km. The 10th and 90th percentiles of H fit are 9.5 km and 15.5 km. L M Geometrical correction factor important in Chapman theory, reduces to 1/cos(SZA) for small SZA [Withers and Mendillo, 2005] . cannot be simply related to any atmospheric scale height, because atmospheric scale heights and temperatures do not vary as much as L M does [Bougher et al., 2004 [Bougher et al., , 2006 . Also, L M and H fit are uncorrelated (r = À0.05, Table 2 ).
[50] Pätzold et al. [2005] analyzed 10 meteoric layers using MEX RS data and determined that two pairs of variables, z M :SZA and z M :L M , were positively correlated. z M and N M are also positively correlated in their data. Their tabulated ''altitude range,'' a measure of layer width, varies between 11 and 45 km. There is a difference of a factor of four between the MEX RS's minimum and maximum ''altitude range'' and between the 10th and 90th percentiles of MGS RS's L M .
[51] Both the MGS and MEX data sets show that (1) z M and N M are positively correlated, (2) z M and L M are positively correlated, and (3) L M has a large range. The MGS data set shows that (4) L M is not correlated with scale height and (5) N M does not show any dependence on SZA. The MEX data set shows that (6) z M and SZA (and, equivalently, N M and SZA) are positively correlated. The only contradiction concerns the relationship between N M and SZA (points 5 and 6). We cannot resolve this contradiction at present without invoking hard-to-verify mechanisms such as unusual meteoroid influx characteristics for the four MEX observations at large SZA. We proceed by accepting the conclusion drawn from the larger MGS data set.
Interpretation of Correlations
[52] In order to properly interpret these observations, we must explain the six points identified in section 12.
[53] Two important mechanisms that are predicted to produce meteoric ions, photoionization of neutral metal atoms and charge exchange between neutral metal atoms and ambient ions, should cause N M to decrease as SZA increases. However, simulations have not yet explicitly investigated the possible dependence of N M on SZA [Pesnell and Grebowsky, 2000; Molina-Cuberos et al., 2003] . No dependence of N M on SZA is found in the MGS observations (point 5). A possible explanation for the lack of dependence of N M on SZA is that the scale of plausible variations of N M with SZA is a factor of $3 for MGS observing conditions. This small variation could be overwhelmed by larger variations in solar irradiance. Most ion production at meteoric layer altitudes is caused by X-ray photons. Solar X-ray irradiance varies unpredictably by orders of magnitude on time scales of minutes to years.
[54] The strong relationship between the three physical characteristics of meteoric layers, and the small values of all other correlation coefficients in Table 2 , are consistent with the hypothesis that meteoroid influx characteristics control the physical characteristics of meteoric layers, at least for the range of conditions sampled by the MGS RS data set. Another alternative is that the processes that shape meteoric layers are relatively complex, involving interactions between multiple parameters.
[55] A simple conceptual model can be developed for the hypothesis that meteoroid influx characteristics control the physical characteristics of meteoric layers. It is consistent with the remaining observations (points 1 -4). The model's total electron density, N tot , is the sum of a background component, N bgd , and a meteoric component, N extra . N bgd varies linearly with altitude, is 0 at 80 km, and is 4 Â 10 10 m À3 at 110 km. N extra has a Gaussian shape:
where N 0 = 6 Â 10 9 m
À3
, s = 2 km and x e = z À z 0 , where z 0 is a variable. Figure 14 shows N tot for two different values of z 0 , 85 km and 95 km. N M and L M increase as z M increases in the model, just as in the observations. Only one model parameter, z 0 , varies. This is the meteoroid ablation altitude, which is determined by meteoroid entry speed and mass [Pesnell and Grebowsky, 2000; McAuliffe and Christou, 2006; McAuliffe, 2006] .
[56] This model does not contain any physical processes and is not intended to provide quantitative predictions. Its main purpose is to illustrate a scenario consistent with the correlations in Table 2 . Further work is needed to develop a physics-based model that is consistent with these correlations.
Variability in the Physical Characteristics of Meteoric Layers
[57] The observed physical characteristics of meteoric layers vary greatly. Published models have not fully explored possible causes of this variability [Pesnell and Grebowsky, 2000; Molina-Cuberos et al., 2003 ]. Here we consider what factors will affect N M , z M and L M .
[58] It is likely that predicted values of N M will vary with SZA, solar X-ray flux, meteoroid flux, meteoroid entry speed and z M . Changes in SZA and solar X-ray flux affect the direct photoionization rate of metallic atoms and the number of O 2 + ions available for charge exchange reactions. Changes in meteoroid flux affect the deposition rate of metallic atoms, which affects the total number density of all metallic species, which affects the number density of metallic ions. Changes in meteoroid entry speed affect the proportion of ablated metallic atoms that are immediately ionized by impact ionization, which affects the number density of metallic ions. Changes in z M affect the optical depth at z M , which affects the direct photoionization rate of metallic atoms and the number of O 2 + ions available for charge exchange reactions. Two of these possible factors were investigated in section 11 and Table 2 . Variations in N M with z M were observed, but variations in N M with SZA were not observed.
[59] It is likely that predicted values of z M will vary with meteoroid entry angle, entry speed, size distribution, atmospheric density and atmospheric density scale height. Changes in entry angle affect the altitude at which the mass of atmospheric gases swept aside by a descending meteoroid equals the meteoroid mass, thereby affecting the ablation altitude. Meteoroid mass and speed affect rates of mass loss and descent. Ablation and deceleration are primarily controlled by atmospheric density, so changes in atmospheric density and density scale height affect the altitude at which ablation occurs. One of these possible factors was investigated in section 11 and Table 2 . Variations in z M with H fit , the neutral scale height, were not observed.
[60] Important factors for L M are less clear cut. Changes in density scale height, which affect the width of the peak in mass loss rate, should affect L M . Changes in poorly known eddy diffusion coefficients, which represent the effects of dynamical mixing processes, affect how the vertical profile of mass loss rate is related to the vertical profile of total number density of all metallic species, and also affect L M . This can be seen in the work by Pesnell and Grebowsky [2000, Figure 7] . Note that changes in the eddy diffusion coefficient also affect N M significantly. One of these possible factors was investigated in section 11 and Table 2 . Variations in L M with H fit , the neutral scale height, were not observed.
[61] There is a clear need for theoretical modeling efforts that investigate variability in the physical characteristics of meteoric layers.
Lifetime of Meteoric Plasma
[62] When metallic ions are produced from meteoric material, they are produced as atomic ions. Although Pesnell and Grebowsky [2000] and [Molina-Cuberos et al., 2003] do not explicitly state a time scale for loss of metallic ions, an upper limit can be estimated [Rishbeth and Garriott, 1969] .
[63] The rate constant for the radiative recombination of atomic metallic ions via reactions such as Mg + + e ! Mg + hv is k 1 = 4 Â 10 À12 cm 3 s À1 [Pesnell and Grebowsky, 2000] . Thus dN M+ /dt = Àk 1 N M+ N e , where t is time, N M+ is the number density of atomic metallic ions and N e is the electron number density. Consequently, t M+,rr , the time scale for the loss of atomic metallic ions by radiative recombination (rr), equals 1/k 1 N e . This time scale is 290 days for N e = 10 10 m À3 , a typical meteoric layer electron density.
[64] The rate constant for formation of molecular metallic ions from atomic metallic ions via three-body reactions, such as Mg + + 2CO 2 ! Mg + Á CO 2 + CO 2 , is k 2 = 10 À30 cm 6 s À1 [Pesnell and Grebowsky, 2000] . Thus dN M+ /dt = Àk 2 N M+ n 2 , where n is the neutral number density. Consequently, t M+,mm , the time scale for the loss of atomic metallic ions by conversion into molecular metallic (mm) ions, equals 1/k 2 n 2 . This time scale is 12 days for n = 10 18 m
À3
, which occurs around 95 km [Pesnell and Grebowsky, 2000] . The rate constant for the dissociative recombination of molecular metallic ions, such as Mg + Á CO 2 + e ! Mg + CO 2 , is k 3 = 3 Â 10 À7 cm 3 s À1 [Pesnell and Grebowsky, 2000] . Consequently, t MX+,dr , the time scale for the loss of molecular metallic ions by dissociative recombination (dr), equals 1/k 3 N e . This time scale is 6 minutes for N e = 10 10 m À3 , a typical meteoric layer electron density. t MX+,dr is always less than t M+,rr because k 3 > k 1 .
[65] These time scales can be explored in an illustrative model of a neutral atmosphere and ionosphere. The number density, n, of the neutral atmosphere is given by:
where n r = 10 18 m À3 , z is altitude, z r = 95 km and H r = 8 km [Pesnell and Grebowsky, 2000] . The ionospheric electron density, N tot , is the sum of two components, a background component, N bgd , and a meteoric component, N extra . N bgd is given by:
where N c = 2 Â 10 11 m
, x c = (z À z c )/H c , z c = 120 km and H c = H r [Bauer and Hantsch, 1989; Withers, 2008] . N extra is given by equation (1) . N tot and n are shown in Figure 15 . The time scales t M+,rr , t M+,mm and t MX+,dr are shown in Figure 16. For z < 90 km, t M+,mm < t MX+,dr , the fastest loss mechanism is conversion into molecular ions followed by dissociative recombination, and the rate-limiting step is dissociative recombination. For 90 km < z < 105 km, t MX+,dr < t M+,mm < t MX+,rr , the fastest loss mechanism is conversion into molecular ions followed by dissociative recombination, and the rate-limiting step is conversion into molecular ions. For 105 km < z, t M+,rr < t M+,mm , the fastest loss mechanism is radiative recombination. t M+,mm is 3 days at 90 km and 140 days at 105 km.
[66] At meteoric layer altitudes, the time scale for loss of metallic ions is set by the slow conversion of atomic metallic ions into molecular metallic ions. The estimated lifetime of 12 days at 95 km is an upper limit because it does not consider all possible reaction pathways nor plasma transport. This time scale increases by a factor of e 2 , or almost an order of magnitude, for every scale height by which altitude increases. This suggests that meteoric layers can be detected in the nightside ionosphere and that changes in the occurrence rate or electron density of meteoric layers due to brief meteor showers can persist for days after the end of the shower. It also supports the hypothesis of Pätzold et al. [2005] that a meteoric layer observed at the same latitude and longitude on successive days is the same plasma layer, not a series of short-lived plasma layers. Meteoric layers should survive the Martian night.
Conclusions
[67] Low-altitude layers of ionospheric plasma have been found in 71 of 5600 MGS electron density profiles. These layers, which we label M M , are clearly distinct from the M1 and M2 layers produced by the photoionization of CO 2 by solar X-ray and EUV photons, respectively. The mean altitude of these layers is 91.7 ± 4.8 km. The mean peak electron density in these layers is (1.33 ± 0.25) Â 10 10 m À3 . The mean width of these layers is 10.3 ± 5.2 km. It is important to determine the mechanism responsible for these layers. Two models have predicted that meteoroid influx should produce low-altitude plasma layers. Predicted meteoric layer altitudes are within one scale height of the mean observed altitude. Predicted meteoric layer electron densities bracket the mean observed electron density. Predicted meteoric layer widths are within a factor of two of the mean observed width. Other possible causes of low-altitude ionization include the solar wind, solar flares and solar energetic particles, but none of these have been shown to produce plasma layers with the observed altitude, electron density and width. Several profiles contain multiple lowaltitude layers, which are common in terrestrial meteoric layers. We attribute the origin of the observed low-altitude plasma layers to meteoroid influx.
[68] The observed occurrence rate of meteoric layers depends on L s , SZA and season, although detailed studies are impeded by limited data coverage and correlations between L s , SZA and season. Variations with L s are particularly strong and the dependence of occurrence rate on season is examined in more detail by Withers et al. (submitted manuscript, 2008) . The occurrence rate of meteoric layers is significantly greater in MEX observations than in MGS observations [Pätzold et al., 2005; Withers et al., submitted manuscript, 2008] . Uncertainties in electron density are typically 3 Â 10 9 m À3 in MGS observations and 1 Â 10 9 m À3 in MEX observations. The different measurement uncertainties are likely to be at least partially responsible for this difference in occurrence rate.
[69] The width (L M ), altitude (z M ), and electron density (N M ) of each meteoric layer have been found. There are remarkably few correlations between these physical characteristics of meteoric layers and atmospheric or observational properties, such as scale height, SZA and solar flux. Many strong correlations would be found if the M2 layer were analyzed instead of the meteoric layer. The three strongest correlations, which are all positive, are for pairs z M :L M , z M :N M and L M :N M . None of these correlation coefficients exceeds 0.4. Variations in the width of the meteoric layer, which are about a factor of four, are much greater than the variations in any relevant scale height. The width of the meteoric layer is not correlated with the neutral density scale height at the M2 layer. There is one contradiction between studies of the physical characteristics of meteoric layers using MGS and MEX data sets: N M and SZA are positively correlated in ten MEX observations, but are uncorrelated in 71 MGS observations.
[70] A simple conceptual model, based on the hypothesis that meteoroid influx characteristics control the physical characteristics of meteoric layers, has been developed to illustrate the need for more realistic simulations of variations in the physical characteristics of meteoric layers. It is consistent with the observed correlations between z M , N M and L M . Some possible causes of these variations have been suggested to guide future numerical simulations that use realistic physics-based models. Continued interpretation of these observations will be improved by such modeling work.
[71] The photochemical lifetime of meteoric plasma is long, on the order of days, which suggests that meteoric layers should survive the Martian night and that the effects Figure 16 . The solid line shows t MX+,rr , the dashed line shows t M+,mm , and the dotted line shows t MX+,dr from the illustrative model of section 15. of brief meteor showers will persist. However, the lifetime of meteoric plasma might be reduced by transport processes.
Appendix A: Algorithm to Identify Low-Altitude Plasma Layers
[72] First, the quantity X i,p is calculated at each altitude level i in each profile p as:
where z i + D = z j and D = 5 km. z i is below z j . Second, X i,p is set equal to zero if N i < s i , N j < s j , N i < 10 10 m À3 or z i > 95 km, where s is the uncertainty in N. The threshold altitude of 95 km is used to ensure that this algorithm does not detect the M1 layer produced by solar X rays at $110 km. Third, Y p is defined as the maximum value of X i,p over all values of i. In most profiles, dN/dz > 0 below 100 km. That is, N i < N j and X i,p < 0. If a low-altitude layer is present at low altitudes in profile p, then dN/dz < 0 on the topside of the layer, some values of X i,p are positive, and Y p is positive. Profile p is declared to contain a low-altitude plasma layer if Y p > 0.
Appendix B: Determination of the Physical Characteristics of Low-Altitude Plasma Layers
[73] We define z X as the altitude at which X i,p is maximized. We define N M as the maximum electron density below z X + D (see Appendix A), and z M as the altitude at which N = N M . z Y is defined as the altitude below z M at which N = N M /2, and L M is defined by L M /2 = z M À z Y ( Figure B1 ). We do not consider the topside of the lowaltitude layer when calculating L M because N often remains greater than N M /2 until far above the M2 layer. In 4 of the 71 profiles that contain low-altitude layers, N M /2 is smaller than the uncertainty in N, and hence smaller than the smallest value of N, which makes it impossible to determine L M . These four profiles are not considered in analyses involving L M . Note that this procedure provides one value of z M , N M and L M per profile, even if the profile contains multiple low-altitude layers (section 6). This ensures consistency and, since there are few profiles with multiple lowaltitude layers, will not adversely affect the results.
[74] We define s Nm , the uncertainty in N M , as the uncertainty in N at z M . We define s zm , the uncertainty in z M , as half the separation between the data points immediately above and below z M . We define s Lm , the uncertainty in L M , as 2 s zm .
Appendix C: Seasonal Distribution of Meteoric Layer Observations
[75] The number of meteoric layer detections, M X,Y , is defined as the number of meteoric layer detections that satisfy X À 5°< L s < X + 5°, Mars year Y. X = 5°, 10°, 15°, . . .. The number of available profiles, N X,Y , is similarly defined as the number of ionospheric profiles that satisfy these criteria. The relative occurrence of the meteoric layer, R X,Y , is defined as M X,Y /N X,Y . R X,Y is undefined if N X,Y = 0. Coverage of the data set is listed in Table 1 and illustrated in Figure 11 . 
